Transcription-induced chimeric RNAs, possessing sequences from different genes, are expected to increase the proteomic diversity through chimeric proteins or altered regulation. Despite their importance, few studies have focused on chimeric RNAs especially regarding their presence/roles in human cancers. By deep sequencing the transcriptome of 20 human prostate cancer and 10 matched benign prostate tissues, we obtained 1.3 billion sequence reads, which led to the identification of 2,369 chimeric RNA candidates. Chimeric RNAs occurred in significantly higher frequency in cancer than in matched benign samples. Experimental investigation of a selected 46 set led to the confirmation of 32 chimeric RNAs, of which 27 were highly recurrent and previously undescribed in prostate cancer. Importantly, a subset of these chimeras was present in prostate cancer cell lines, but not detectable in primary human prostate epithelium cells, implying their associations with cancer. These chimeras contain discernable 5′ and 3′ splice sites at the RNA junction, indicating that their formation is mediated by splicing. Their presence is also largely independent of the expression of parental genes, suggesting that other factors are involved in their production and regulation. One chimera, TMEM79-SMG5, is highly differentially expressed in human cancer samples and therefore a potential biomarker. The prevalence of chimeric RNAs may allow the limited number of human genes to encode a substantially larger number of RNAs and proteins, forming an additional layer of cellular complexity. Together, our results suggest that chimeric RNAs are widespread, and increased chimeric RNA events could represent a unique class of molecular alteration in cancer.
C
himeric RNAs unrelated to chromosomal rearrangements are primarily generated by two transcription-induced mechanisms (1, 2) . The first one is "read-through/splicing," where a chimeric RNA begins at the upstream gene and ends at a termination point of the adjacent downstream gene, with the region in between removed by splicing. The second one is "trans splicing." Here two separately generated RNAs are spliced together to give rise to a single RNA. Both mechanisms result in fused transcripts that possess sequences from both genes. Although the exact cause and regulation of chimeric RNAs are unknown, chimeric RNAs, like gene fusions that result from chromosomal rearrangements, are expected to increase the proteomic diversity in cells through chimeric proteins or altered regulation of participating mRNAs.
Despite their importance, few studies have reported on chimeric RNAs, especially regarding their presence and roles in human cancers (3, 4) . The lack of reports of chimeric RNAs may stem from the fact that current models of fusion transcripts primarily emphasize chromosomal rearrangements. Alternatively, chimeric RNAs may not have been observed previously because of methods of analyses such as microarrays that lack the necessary resolution for chimeric RNA discovery. Recent advances in highthroughput sequencing technology, which provides single-base resolution of transcribed RNAs, have enabled discoveries of chimeric RNAs from chronic myeloid leukemia cell lines and cultured human melanoma (5, 6) . In prostate cancer, the same technology led to the identification of SLC45A3-ELK4. This chimeric RNA is significant in several ways. First, it was present at high levels in the urine of patients with prostate cancer (7, 8) , pointing to the potential value of chimeric RNAs as noninvasive biomarkers. Second, its expression is androgen regulated and thus a potential target for androgen ablation therapy. Finally and most intriguingly, unlike the fusion gene TMPRSS2-ERG (9, 10) that results from chromosomal rearrangement, the chimera of SLC45A3-ELK4 appears to be generated by RNA processing without DNA-level rearrangement (7, 8) . Thus, SLC45A3-ELK4 may represent a unique class of transcriptional events with important implications in cancer that may have been previously overlooked. This observation raises the possibility that chimeric RNAs in cancers are underinvestigated and mostly unknown.
In this study, we took advantage of the analytical power of paired-end high-throughput sequencing (11, 12) to characterize chimeric RNAs enriched in human prostate cancer. We sequenced the transcribed mRNA (transcriptome) from a cohort of patients with human prostate cancer, yielding 1.3 billion raw sequence reads. This sequencing coverage enabled a "deep" survey of chimeric RNAs expressed from the complex human genome, leading to the validation of 32 recurrent chimeric RNAs. Among them, 27 chimeric RNAs have not been described before. Importantly, one of these chimeras appeared to be highly cancer enriched, as it is expressed at significantly higher levels in human prostate cancers but present at very low levels in noncancer prostates. Our results suggest that recurrent chimeric RNAs are more common than previously thought. The fact that there are more chimeric RNAs in cancer than in matched benign samples raises the possibility that increased chimeric RNA events could represent one of the molecular consequences of cancer.
Results

Identification of Novel Recurrent Chimeric RNAs in Prostate Cancer.
To identify chimeric RNAs that are expressed in prostate cancer, we sequenced the transcriptome of 20 cancer samples and 10 matched benign samples from patients with prostate adenocarcinoma who received no preoperative therapy before radical prostatectomy (Table S1 ). We used Illumina Genome Analyzer II for sequencing these samples to generate output sequences of paired 36-nucleotide reads. In all, 30 lanes of Illumina Genome Analyzer were used to yield ∼1.3 billion raw sequence reads. Using stringent filters (SI Materials and Methods), we obtained nearly 500 million reads that were both uniquely mappable to the human genome and met our additional bioinformatic criteria (Table S2 ).
Our strategy for identifying chimeric RNAs was to search for paired "chimeric" reads with each read mapping to a different gene either in the genome or in the transcriptome (Fig. 1) . To minimize the cases of false positives, we required each read to map to only one location in the genome even with the tolerance of two mismatches. In addition, an event was considered a chimeric candidate only if it was supported by paired chimeric reads from at least three different patient samples. We also filtered out cases of overlapping genes and homologous genes with shared sequences. This strategy led to the identification of 2,369 putative chimeric events ( Fig. 2A) . Analysis of paired chimeric reads against patients' ages indicates that there is no apparent correlation between age and the number of chimeric reads either in cancer or in matched benign samples. However, paired chimeric reads appear to be more abundant in cancer than in matched benign samples (P value = 0.00014) (Fig. 2B) . Together, our results suggest that chimeric RNAs are widespread and occur more frequently in cancer.
To identify chimeric RNAs that are highly recurrent in human cancer samples, we required that a candidate chimeric RNA must be present in >50% of cancer samples used for sequencing (i.e., >10 of 20 total human cancer samples). The analyses narrowed down from 2,369 candidates to a set of 32 highly recurrent chimeric RNAs, and these are marked in purple in Fig. 2A . Among them, 27 are chimeric RNAs that have never been described before (Table S3 ). The remaining 5, TMPRSS2-ERG, SLC45A3-ELK4, ANKRD39-ANKRD23, HARS2-ZMAT2, and SMG5-PAQR6, are previously known chimeric RNAs in prostate cancer (7, 8, 13, 14) , indicating that our procedure is able to "rediscover" previously verified chimeric RNAs. The detailed frequency of occurrence generated from this analysis for each chimeric event from each patient is shown in Table S4A .
To confirm that these identified chimeric RNAs are expressed, we designed specific primer pairs with each primer targeting one parental gene. We then used strand-specific RT-PCR to validate the presence of candidate chimeric RNAs in human samples that were used for paired-end sequencing. For all 32 candidates, including the 5 known chimeras that were used as controls, we were able to obtain RT-PCR products, indicating that these chimeric RNAs are indeed expressed at detectable levels. In addition, the strand-specific RT-PCR enabled the determination of 5′ and 3′ chimeric RNA partners. In most cases, we obtained only a single RT-PCR band for each chimera, which was then excised and subjected to traditional Sanger sequencing. This sequencing led to the identification of the exact junction of the chimeric RNAs (column 8 in Table S3 ). The results from Sanger sequencing also showed no apparent variation in the RNA junction for each excised band (Fig. S1A) , suggesting that chimeric RNAs were generated by a precise mechanism. The newly obtained junction sequences enabled us to search among previously unmappable reads for paired "junction" reads that could now be specifically mapped to a junction site with one read and to a parental gene with another read (see strategy in Fig. 1 ). For each of the 32 chimeric RNAs, we were able to identify the corresponding junction reads, and their frequencies of occurrence are shown in Table S4B . Together, the results identified and confirmed the junction sequences and strongly support the presence of the corresponding chimeric RNAs in patients' tissues.
In addition to those putative chimeras we chose to validate, there were 6 additional chimeras that could not be validated by RT-PCR. We also encountered 8 additional chimeras with their RNA sequences extending continuously from one gene to the next without a break or new junctions. These RNAs are considered as simple read-through transcripts, not as chimeric RNAs. None of these RNAs are included in the 32 set described earlier. In all, of a total of 46 putative chimeric events chosen for validation, 32 were experimentally validated as chimeric RNAs with confirmed Strategy for identification and validation of chimeric RNAs. Paired reads are mapped to both the genome and the transcriptome, and if each of the paired reads maps to different genes, then it is considered to be a paired "chimeric" read representative of a putative chimeric event. On the basis of the alignment and location of paired chimeric reads, primers (red arrows) are designed to amplify the putative RNA junction from patients' RNAs. RT-PCR and Sanger sequencing lead to the identification of the RNA junction of the chimera. Using the RNA junction as template, previously unmappable reads are aligned to the template and thus "junction" reads are identified. These junction reads have one read aligning to the RNA junction and the other read to one of the genes. junctions. Interestingly, all of these 32 chimeric RNAs are intrachromosomal events, with 4 separated by one or more genes, whereas the remaining 28 involve neighboring genes. It is important to note that the list of 2,369 chimeric RNA candidates includes 1,902 interchromosomal and 467 intrachromosomal chimeric events. However, these interchromosomal chimeric RNAs are not highly recurrent, and therefore they were not included in the set that was chosen for validation.
It is known that high-throughput sequencing of the transcriptome can accurately detect gene expression levels over a wide dynamic range (15, 16) . Our analysis of gene expression levels using sequence data showed that the parental genes involved in 32 chimeric RNAs are not biased toward highly expressed genes (Fig. S2) . Therefore, the chimeric RNAs identified are not simply the result of random "transcriptional leakage" or artifacts of cDNA library construction, as both would generate more events in highly expressed genes. Furthermore, most of the parental genes involved in chimeric RNAs appear to be not overexpressed in cancer vs. matched benign samples. Thus, the higher recurrence of chimeric RNAs in cancer samples cannot simply be attributed to higher expression levels of the parental genes in cancer samples. To estimate the relative expression levels of these chimeric RNAs, we combined all paired chimeric reads and junction reads associated with each chimera and compared them with those of previously known chimeric RNAs in prostate cancer. As shown in column 6 of Table S3 , the chimeric RNAs identified in this study averaged 47 paired reads, with SLC16A8-BAIAP2L2 having the highest number, 99. This expression level can be compared with the 9 paired reads supporting SLC45A3-ELK4, the best-characterized chimeric RNA in prostate cancer. Thus, the chimeric RNAs identified in this study are not rare events, but recurrent at relatively high levels. However, their relative expression levels are lower than that of TMPRSS2-ERG (481 paired reads) and this can be attributed to TMPRSS2-ERG being the result of a DNA-level rearrangement and the fact that it is driven by a strong androgen-regulated promoter.
Recurrence of Chimeric RNAs in Cancer vs. Matched Benign Tissue. To evaluate their differential expression in cancer vs. matched benign tissues, we plotted the number of supporting chimeric reads and junction reads for each chimeric RNA and its occurrence for each patient. As shown in Fig. 3 , most of the verified chimeric RNAs appeared to be highly recurrent in cancer samples, although many of them also appeared in matched benign tissues from the radical prostatectomy specimens, albeit with lower frequency. This includes TMPRSS2-ERG used as our control, which is known to be cancer specific (9) . The presence of these chimeric RNAs within the matched benign samples may represent a "field effect" within the histologically normal epithelium such that the benign epithelium may have multifocal premalignant lesions that precede histological changes (17) . Alternatively, small foci of cancer may be present in some matched benign samples because the tissue is not evaluated histologically throughout the entire tissue used for RNA extraction. Nevertheless, the sequencing data of matched benign tissues enabled the valuable comparison of chimeric RNAs to that of cancer. To determine which chimeric RNAs are differentially expressed in cancer tissue, we used the nonparametric Kolmogorov-Smirnov test and identified seven chimeric RNAs with a P value more significant than that of TMPRSS2-ERG (P = 0.046) (Fig. 3) . These include the chimera previously known to be elevated in prostate cancer tissue (SLC45A3-ELK4, P = 0.027) (7, 8) or found in cancer cell lines (ANKRD39-ANKRD23, P = 0.046) (13) . The remaining five chimeric RNAs are TMEM79-SMG5, SLC16A8-BAIAP2L2, SLC44A4-EHMT2, BC035340-MCF2L, and TSPAN1-POMGNT1. Among them, TMEM79-SMG5 appeared to be most significant, with a P value of 0.004 that compares favorably to that of TMPRSS2-ERG.
To further evaluate the differential expression of unique chimeric RNAs without the confounding issue of tissue impurity, we used RT-PCR to verify the presence of identified chimeric RNAs in an additional 10 human prostate cancer tissues and 5 normal prostate tissues from organ donors without prostate cancer (these samples were not used for transcriptome sequencing). Because this analysis compares prostate tissues from patients with cancer to those from patients without cancer, tissue impurity or field effects are not a consideration. As seen in Table S5 , most of the validated chimeric RNAs were highly recurrent in the additional 10 patients with cancer, confirming the results obtained from our transcriptome sequencing. Importantly, two of the chimeric RNAs were found only in patients with cancer, but were undetectable in the donors without cancer, suggesting that their expression is enriched in cancer cells. These include TMEM79-SMG5 (9 of 10 cancer vs. 0 of 5 noncancer) and the known cancerspecific TMPRSS2-ERG (5 of 10 cancer vs. 0 of 5 noncancer). The absence of the TMEM79-SMG5 chimera in donors without cancer raised the question of whether this absence is due to the absence of expression of their participating parental genes. Because chimeric RNAs possess shared sequences with their parental genes, Fig. 3 . Chimeric RNAs are highly recurrent in prostate cancer. The relative frequency of recurrence of chimeric RNAs in each cancer and matched benign sample is shown. Each vertical column represents data from one patient sample and each horizontal row represents relative abundance for a particular chimeric event in each patient sample. Yellow indicates high occurrence and black low occurrence. C, cancer sample; N, matched benign samples. The white line separates cancer from matched benign samples. The P value obtained by the Kolmogorov-Smirnov test for each chimeric RNA is shown on the right. All data are compared at the same scale except TMPRSS2-ERG, which is normalized to a different scale so that its relative expression level can be compared between samples without color saturation.
it is difficult to determine whether the reads obtained from transcriptome sequencing were derived from chimeric RNA or parental RNA. Therefore, to answer this question, we designed PCR primers targeting specific segments of participating parental mRNA that are absent in chimeric RNAs. The results of two chimeras (TMEM79-SMG5 and RASL12-OSTbeta), shown in Fig.  4A , indicate that the parental genes were clearly expressed in donors without cancer. The expression of parental TMEM79 and SMG5, however, did not lead to a detectable level of chimera expression in donors without cancer. This result is in contrast to that seen in the cancer tissues where the parental mRNAs and chimera TMEM79-SMG5 were both clearly expressed (Fig. 4A) . Furthermore, the absence of expression of the 5′-parental gene does not exclude the generation of the chimeric RNA. This result is seen in RASL12-OSTbeta, where the 5′-parental gene RASL12 is not detected in cancer samples by RT-PCR; however, the chimera is expressed in cancer samples (Fig. 4A) .
Expression of Chimeric RNAs in Prostate Cancer Cell Lines. Because the chimeric RNAs we identified are highly recurrent in human prostate cancer samples, we speculated that these chimeric RNAs may also be present in established prostate cell lines. Therefore, we tested the expression of these chimeric RNAs in cancer cell lines of prostate origin, including androgen receptor negative cell lines (PC3 and DU145) and androgen-sensitive cell lines (LNCaP, VCaP, and LAPC4), as well as immortalized prostatic epithelial cells (PNT1a), to compare with that of the noncancer primary human prostate epithelial cells (PrEC). Our RT-PCR results showed that most of the 32 chimeric RNAs displayed varying expression profile in cancer cell lines (Table S6) . However, nine chimeric RNAs were conspicuously absent in noncancer PrEC (Table S6 and Fig. 4B ). These chimeric RNAs include TMEM79-SMG5, the same chimera detectable by RT-PCR in patients with cancer but not in donors without cancer. The rest of the group comprises XPA-NCBP1, RASL12-OSTbeta, ELF3-RNPEP, ASTN2-PAPPA, GOLM1-MAK10, BC035340-MCF2L, NCAPD3-JAM3, and the control TMPRSS2-ERG that is known to be highly expressed in VCaP cells (Fig. 4B) . The absence of these chimeric RNAs in PrEC also raised the question of whether this absence is because their parental genes are not expressed. Our RT-PCR results, however, showed that many of the parental genes were expressed in PrEC (Fig. 4C) . For example, TMEM79 and SMG5 are both expressed; however, the corresponding chimeric RNA is undetectable. Similarly, both ELF3 and RNPEP are expressed in PrEC but not the chimeric RNA. Hence, the absence of these chimeric RNAs in PrEC cannot be attributed simply to the absence of expression of participating parental genes.
Mechanisms Responsible for Generation of Chimeric RNAs. To validate DNA rearrangements, the standard FISH assay requires a minimum distance between genes in the order of 100-150 kb (8) . This assay was possible for TMPRSS2-ERG (distance between genes is 3 Mb) (10). It is, however, not possible to use this assay for the rest of the validated chimeric RNAs on our list, as the distances between the ends of the two genes for these chimeras are ≤30 kb (see column 3 in Table S3 ). Therefore, to verify whether these unique chimeric RNAs are a result of genomic DNA rearrangement, we performed long-range PCR on genomic DNA from patients who displayed expression of the corresponding chimeric RNAs. The expected PCR product size from genomic DNA for the majority of the chimeras is <30 kb, and this size is within the detection range of long-range PCR. Our results, however, showed that there is no evidence for gross genomic rearrangement for the 27 chimeric RNAs (examples shown in Fig.  S3 ), indicating that these chimeras are likely the result of RNAlevel events similar to SLC45A3-ELK4 (7, 8) . Intriguingly, further sequence analyses indicated that almost all of the validated chimeras contain a discernable 5′ splice site and a 3′ splice site at the RNA junction (see example in Fig. 5 ), indicating that the formation of these chimeras is mediated by splicing. To test whether the parental genes involved in chimeras prefer a certain range of intergenic distance, we calculated the distances between the ends of the two participating parental genes on the genome. As shown in column 3 of Table S3 , parental genes of the chimeric RNAs tend to reside closer on the genome with a median distance of 2 kb compared with the known median of 48 kb for adjacent genes in the entire genome (18) . The observation of splice sites at RNA junctions, together with the fact that the chimera formation prefers neighboring genes with short distances, and the lack of evidence of DNA-level rearrangements suggest that they may be generated by either read-through/splicing or trans splicing. ples from 54 patients with prostate cancer and 18 donors without cancer. In parallel, we also performed quantitative RT-PCR in PrEC, which represents primary prostate epithelium cells pooled from donors without cancer. As shown in Fig. 6 , the chimera is expressed at a distinctly higher level in most samples from patients with cancer than in donors without cancer (P value= 1.048 e-05), and it is undetectable in PrEC. The pronounced difference between expression levels of this chimera in patients with cancer and donors without cancer and its complete absence in PrEC indicate that TMEM79-SMG5 could be a valuable indicator to differentiate between patients with cancer and patients without cancer.
Discussion
This study provides a deep survey of chimeric RNAs expressed in human prostate cancers. We sequenced 20 cancer samples and 10 matched benign samples from patients with prostate adenocarcinoma. The 1.3 billion reads resulting from deep sequencing enabled the identification of 2,369 putative chimeric RNAs using stringent bioinformatic criteria. Altogether, we chose 46 events for experimental validation and of these, 32 events (∼70%) could be verified by RT-PCR and their RNA junctions were determined by Sanger sequencing. Although this 70% validation rate is relatively high, the chimeric RNAs chosen for validation are among the highly recurrent ones. It remains to be determined whether the lower recurrent chimeric RNAs could also be validated at a similar rate. Because our results were derived from 1.3 billon reads with each chimeric candidate supported by at least 3 different patient samples, increasing the sequencing depth or sample numbers should further increase the number of recurrent chimeric RNAs identified while reducing the incidence of false positives. If a significant portion of these 2,369 chimeric events are true, they would involve up to 3,144 parental genes that correspond to ∼14% of the total human protein-coding genes. Because only a subset of the human genome is expressed in any given differentiated tissue such as prostate, the percentage of "transcribed" genome that is involved in chimeric RNAs could be significantly higher. Our deep-sequencing results therefore suggest that chimeric RNAs may be more prevalent in human cells than previously thought. The results thus significantly extend the observation made by a recent in silico analysis of ESTs and cDNAs in the National Center for Biotechnology Information databases, which independently estimated that as much as 5% of the human genome could transcribe chimeric sequences (19) .
The biological consequences of chimeric RNAs would be similar to that of gene fusions resulting from DNA rearrangement, as both mechanisms generate chimeric transcripts that possess sequences from two genes. Chimeric RNAs, like gene fusions, are expected to increase the proteomic diversity in cells through chimeric proteins or altered regulation of participating mRNAs. However, the number of chimeric RNAs revealed by deep sequencing appears far greater than that of a few gene fusion events identified in prostate tissue so far (7, 13, 14) . Furthermore, all of the validated chimeras in our study are recurrent in at least 50% of the patient samples. This result is in contrast to gene fusion events in prostate cancer that are rare and predominantly nonrecurrent with the exception of TMPRSS2-ERG (14) . The prevalence of chimeric RNAs may allow the limited number of human genes to encode a larger number of RNAs and proteins, forming yet an additional layer of cellular complexity. Importantly, our results indicate that the number of total chimeric RNAs appeared significantly higher in cancer than in matched benign tissues ( Fig.  2B ; P value = 0.00014), raising the possibility that increased chimeric RNA events could represent one of the molecular consequences of cancer.
Our PCR analysis of patients' genomic DNA indicates that all these validated chimeric RNAs are likely generated in the absence of DNA-level rearrangements. Furthermore, sequence analyses indicated that almost all of the RNA junctions contain a discernable 5′ splice site and a 3′ splice site at the junction site, indicating that the formation of chimeric RNAs is mediated by splicing. This mediation could result from two known transcription-induced mechanisms: read-through/splicing and trans splicing. However, on the basis of the RNA sequence information, it is impossible to discern between these two mechanisms. For example, a chimeric RNA joining neighboring genes located on the same strand could theoretically result from a single transcript reading through both genes followed by splicing or by splicing of two separate RNA molecules independently generated from neighboring genes. Intriguingly, with the exception of TMPRSS2-ERG, SLC45A3-ELK4, and ANKRD39-ANKRD23, the set of recurrent chimeric RNAs that we identified in human prostate cancer tissues has virtually no overlap with the set of chimeric RNAs identified in prostate cancer cell lines using similar sequencing methods (7, 13) . This result is not because the recurrent chimeric RNAs found in tissues are absent in cancer cell lines. In fact, we experimentally demonstrated that all of the 27 recurrent chimeras identified in our study displayed expression in at least one or more prostate cancer cell lines. However, the reverse is not true, as the chimeric RNAs reported from cell line studies are largely absent from our extended list of 2,369 putative chimeric events. This result is unlikely due to the depth of sequencing as highly recurrent chimeric RNAs will appear frequently in every study. More likely, the difference between these studies reflects the differences between cancer cell lines and tissue samples, and the chimeric RNA species prevailing in human cancer tissues appeared to be dramatically different from those present in cancer cell lines. Because the composition of chimeric RNA species and their recurrence in this study are derived from human cancer tissues directly, the identified chimeras could be more relevant to tumor biology and may have more valuable clinical utilities.
Several observations suggest that the generation of recurrent chimeric RNAs enriched in cancer is not the result of stochastic processes. First, we observed no variation in RNA junction sequence from sequenced RT-PCR bands or from junction reads. Each of the validated recurrent chimeras exhibits consistent and precise RNA junction within the same patient and across all patient samples. Second, random processes should generate more chimeras from highly expressed genes. However, the identified chimeric RNAs are not biased toward highly expressed genes (Fig.  S2) . Third, the expression of participating parental genes does not automatically lead to the generation of the corresponding chimeric RNAs. For example, both the parental genes SMG5 and TMEM79 are expressed in cancer samples as well as in samples from donors without cancer, but the presence of their chimeras is largely restricted to cancer samples (Fig. 4A) . Furthermore, the absence of parental gene expression does not exclude the generation of the chimeric RNA. For example, RASL12 is not detected in cancer samples but the chimera RASL12-OSTbeta is expressed in cancer samples (Fig. 4A) . Together, they suggest that the generation of chimeric RNAs, whether through trans splicing or read-through/splicing, is largely independent of the expression of parental genes and is tightly regulated. This result raises the possibility that other factors are involved in the production and regulation of chimeric RNAs.
The RNA strand information and junction sequences determined experimentally by RT-PCR enabled us to speculate about the potential biological consequences of these chimeric RNAs. Our analysis indicated that 18 of the 32 identified chimeric RNAs could lead to unique protein sequences due to fused or truncated proteincoding regions, and almost all would have either new 5′-or 3′-UTRs that could lead to altered gene regulation (column 7 in Table  S3 ). For example, the recurrent chimera TMEM79-SMG5 (fulllength sequence is provided in Table S3 ) results in the loss of the first exon of SMG5, with genome sequence from TMEM79 contributing a new 5′-UTR to the truncated SMG5 (Fig. 5 and Table  S3 ). This change may lead to altered function and regulation of SMG5, a protein essential to the nonsense-mediated mRNA decay (NMD) (20) . However, it is also possible that chimeric RNAs could function as noncoding RNAs or regulatory RNAs without a protein counterpart. These hypotheses remain to be tested.
Our results indicate that the chimera TMEM79-SMG5 is highly recurrent and enriched in cancer samples. First, RT-PCR analysis showed that the TMEM79-SMG5 chimera is absent in noncancer PrEC but is expressed only in androgen-sensitive cancer cell lines VCaP and LNCaP, even though all these cell lines are epithelial in origin. Second, quantitative RT-PCR analysis on an extended cohort of patients confirmed that this chimera is highly expressed in patients with cancer, whereas its expression is far lower in donors without cancer and undetectable in PrEC. The most direct utility of the chimera TMEM79-SMG5 is perhaps in its use as diagnostic biomarker. Compared with TMPRSS2-ERG, which can be found in ∼50% of the patients with cancer, TMEM79-SMG5 is detected by RT-PCR in ∼90% of the cancer samples we tested. Compared with SLC45A3-ELK4, which is expressed at a relatively high level in patients without cancer (Fig. 4A) , TMEM79-SMG5 appears to be largely restricted to cancer. Thus, TMEM79-SMG5 could have the potential to serve as a biomarker to separate patients with cancer from patients without cancer.
Materials and Methods
All radical prostatectomy tissue samples were obtained from the Baylor Prostate Specialized Programs of Research Excellence (SPORE) Tissue Core. RNA was extracted from samples using the Ribopure kit (Ambion). The human prostate cancer cell lines were maintained as detailed in SI Materials and Methods. Total RNA samples were processed for transcriptome sequencing using the Illumina mRNA-seq protocol. Bioinformatic identification of chimeric RNAs and their corresponding junction reads is detailed in SI Results. For validation of chimeric RNAs, RT was performed using superscript II (Invitrogen) and PCR was performed using primers listed in SI Materials and Methods. Detailed materials and methods are included in SI Materials and Methods.
